Purpose. To assess the precision and accuracy of the z-ring adapter with the ConfoScan 4 confocal microscope for measuring corneal thickness. Methods. Thirty healthy corneas of 15 volunteers were scanned twice with a ConfoScan 4 confocal microscope equipped with a z-ring adapter (Nidek, Inc., Fremont, CA) and with a Tandem Scanning confocal microscope (Tandem Scanning Corporation, Reston, VA). Corneal thickness was determined from the position of the focal plane at the epithelial and endothelial surfaces. Distances measured by both instruments were calibrated from scans of 15 polymethylmethacrylate contact lenses with known thicknesses between 400 and 650 m. Corneal thickness was also measured by ultrasonic pachymetry (DGH Technologies, Inc., Exton, PA). 
Confocal microscopy provides a noninvasive method of observing layers and cells in the corneas of humans. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In addition to viewing low-contrast features, this method can be used to determine the depth of visible structures, such as the subbasal nerve bundles, keratocytes, surgically created interfaces, and the endothelium, if the distance of the focal plane from the corneal surface is known. 2, 4, 8, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Most manufacturers provide information about the distance between the focal plane and a reference, such as the objective lens surface, but depending on the manufacturer of the microscope, this information may not be accurate. 21 Corneal thickness can be determined from the positions of the focal plane that correspond to the epithelial and endothelial surfaces, as determined by their appearance or brightness during a continuous scan through the cornea. This method has been referred to as confocal microscopy through focusing (CMTF) and has been used to measure corneal thickness and depth of corneal structures in humans. 4,14,18 -22 Unlike ultrasonic pachymetry, which is simpler and more commonly used, confocal microscopy provides a means of visually verifying the surfaces of the cornea.
The precision of corneal thickness measurement by confocal microscopy is limited by the motion of the cornea during a scan. A complete scan through the cornea takes several seconds with the confocal microscopes available, and during this time, any axial motion of the cornea will shift the position of the endothelial or epithelial surface. The close contact between the objective lens of the Tandem Scanning confocal microscope (Tandem Scanning Corporation, Reston, VA) and the cornea (50 -200 m) stabilizes the cornea so that differences in consecutive estimates of thickness are typically less than 25 m, although in some patients, differences can be larger. 14, 21 In contrast, another commercial clinical confocal microscope, the ConfoScan 3 (Nidek Technologies, Padova, Italy), has a working distance of approximately 1.2 mm and 1.8 mm between the objective and the epithelial surface, depending on where in the cornea the microscope is focused. This large gap provides little stabilization, so the cornea can move considerably during the cardiac cycle and with small eye movements as the focal plane images the epithelium and endothelium. Motion is visible as a rapidly changing view of the epithelium, stroma, and endothelium. In the authors' experience, typical differences in consecutive measurements of central corneal thickness with this instrument have been as large as several hundred micrometers.
The manufacturer of the ConfoScan 3 recognized this problem and recently released an upgraded confocal microscope with an adapter to reduce motion between the cornea and the objective lens and to associate video frames in a scan with depth in the cornea. This device, called a z-ring adapter, attaches to the new model of their confocal microscope, the ConfoScan 4. It contacts the surface of the cornea during a scan to stabilize the eye and allows the objective to move with the cornea in the anteroposterior direction.
This study assessed the accuracy and precision of a ConfoScan 4 equipped with a z-ring adapter for measuring corneal thickness in healthy subjects. Corneal thicknesses measured by the ConfoScan 4 were compared with those measured by a Tandem Scanning confocal microscope and an ultrasonic pachymeter.
MATERIALS AND METHODS

Subjects
Thirty corneas of 15 healthy volunteers were examined by confocal microscopy and ultrasonic pachymetry. The mean age was 38 Ϯ 7 years (range, 28 -48 years), and eight subjects were men. Both eyes of all subjects were examined before the study to ensure that corneas were healthy. Each subject gave informed consent to participate after the nature and possible consequences of the study had been discussed. This study was approved by the Institutional Review Board of the Mayo Clinic and followed the principles of the Declaration of Helsinki for research involving human subjects.
Confocal Microscopy With the ConfoScan 4
The central cornea was examined with a ConfoScan 4 confocal microscope (Nidek, Inc., Fremont, CA) equipped with a z-ring adapter. This adapter has an 8-mm outside diameter plastic ring reduced to 7-mm vertically that is positioned in front of the objective lens and contacts the cornea during a scan. The ring is secured to the platform that holds the objective lens scan assembly and can be moved toward and held against the cornea with a constant force (Fig. 1) . The microscope uses a 40ϫ objective with a 0.75 numerical aperture.
Proparacaine 0.5% was instilled in the conjunctival cul-de-sac. An optical coupling solution (GenTeal Gel; Novartis Ophthalmics, East Hanover, NJ) was placed on the tip of the objective lens and z-ring, and the operator advanced the objective lens and z-ring until the coupling solution contacted the central cornea. The operator adjusted the position of the objective until the bright reflex from the endothelium was visible in the center of the field of view displayed on the monitor. In some scans, the ConfoScan 4 completed the final alignment automatically by using the automatic alignment feature, but in some corneas, this feature took more time than it took to align manually by an experienced operator. The operator initiated a scan by pressing a button.
The scan was controlled by the standard operating program provided by the manufacturer, and the sequence of events is summarized here. During alignment with the cornea, the z-ring was retracted from the focal plane of the objective, but after initiating the scan, the instrument advanced the z-ring until the ring contacted the cornea. The objective was advanced until the focal plane was 30 to 50 m posterior to the endothelium. The instrument recorded video frames at 25 frames per second as the focal plane was scanned posterior to anterior through the cornea. The z-ring was held in contact with the cornea with a constant force, and the z-ring and objective lens assembly moved together with the cornea when the cornea moved in an anteroposterior direction. As the objective lens scanned, the position of the focal plane was recorded relative to the z-ring and the surface of the cornea. The scan stopped when the focal plane moved anterior to the epithelium, as indicated by an image brightness that diminished below a preset threshold. The focal plane position was then reset to just posterior to the endothelium, based on the brightness of the image, and the scan was repeated. The step distance between frames was 5 m, and scans were repeated until the instrument recorded 350 frames. Doing so usually included at least two full passes through the cornea. Video was not recorded as the focal plane was being reset. Thickness of the cornea was determined from the intensity graph of each pass and the appearance of the images near the endothelial and epithelial boundaries; thickness was the difference between the positions of the brightest image of the surface of the endothelium and epithelium. Unless otherwise noted, the corneal thickness determined by a scan was the mean of thicknesses determined from two consecutive passes.
Confocal Microscopy With the Tandem Scanning Microscope
Each cornea was also examined by CMTF with a Tandem Scanning confocal microscope, as described previously. 21 Briefly, the optical coupling solution (GenTeal Gel) was placed on the tip of the objective, and the objective was advanced until the solution contacted the central cornea. The microscope was aligned by centering the round image of the bright reflex from the epithelium. The scan lens then retracted the focal plane anterior to the objective lens surface, and a scan was initiated, anterior to posterior along the z-axis. Video images were recorded at 30 frames per second as the focal plane advanced through the cornea at approximately 2.4 m per frame, although the step distance varied slightly with depth. 21 When the focal plane passed the endothelium, the operator reversed the scan direction, and the focal plane
FIG. 1.
The objective lens and z-ring adapter of the ConfoScan 4. During a scan, the z-ring contacts the surface of the cornea, and the focal plane of the objective lens is scanned through the cornea by the scan motor. The depth of the focal plane is known relative to the position of the z-ring. The z-ring and objective lens assembly are held against the cornea with a constant pressure by the z-ring motor.
was scanned back through the endothelium, stroma, and epithelium. Corneal thickness was determined, as described by McLaren et al., 21 from both passes. This scan was repeated until two complete scans with two passes each were recorded. Unless otherwise noted, the corneal thickness determined by a scan was the mean of thicknesses determined from two consecutive passes included in the scan.
Ultrasonic Pachymetry
Central corneal thickness was also measured by using a commercial ultrasonic pachymeter (DGH-1000; DGH Technologies, Inc., Exton, PA). This instrument uses an acoustic index of 1,640 m/sec to determine thickness and was calibrated by the manufacturer. One drop of proparacaine 0.5% was instilled in the conjunctival cul-de-sac. The probe was lightly touched to the central cornea three times. Each thickness was recorded, and the mean of the three thicknesses was accepted as the estimate of corneal thickness.
Order of Measurement
In all subjects, corneal thickness was measured by ultrasonic pachymetry first. In eight participants, corneas were examined by using the ConfoScan 4 next, followed by the Tandem Scanning confocal microscope. In the other seven participants, the order of confocal microscopy was reversed. In eight participants, the right eye was measured before the left, and four of these participants were examined by the ConfoScan 4 first. The instrument to be used first and the eye to be measured first were assigned randomly.
Calibration of Thickness by Confocal Microscopy
The position of the focal plane in the z-direction was calibrated in both instruments by using 12 polymethylmethacrylate (PMMA) plano contact lenses that were scanned by using a method similar to that used for scanning the corneas. These lenses had central thicknesses ranging from 400 to 650 m in steps of approximately 50 m. All lenses had a diameter of 11 mm, a base curve of 7.85 mm, and an anterior radius of curvature of 8.25 to 8.50 mm, depending on the central thickness. Three additional contact lenses were manufactured from blanks that had been made from PMMA infused with titanium oxide. These lenses had similar characteristics to the other lenses, but the titanium scattered light with brightness similar to that of a normal cornea. This allowed the ConfoScan 4 to scan in the automatic mode; without scatter from the central region of the lens, the confocal microscope could not correctly identify the anterior surface to terminate the scan. Central thicknesses of all lenses were measured by using a digital micrometer (Mitutoyo Corporation, Tokyo, Japan).
The clear PMMA lenses were scanned by the Tandem Scanning confocal microscope, and depth was calibrated as described by McLaren et al. 21 The clear lenses were scanned by the ConfoScan 4 in a manual mode by setting the step distance between frames to 5 m and the total scan distance to 800 m. The titanium lenses were scanned in the automatic scan mode as described for corneas. The thickness of a cornea equivalent to the thickness of each contact lens was determined by considering the Gauss formula for refraction at a surface 23 :
in which q cornea-e is the equivalent thickness of a cornea; q CL-i is the distance between the anterior surface and the image of the posterior surface (image thickness) of the contact lens; n cs and n cornea are the refractive indices of the contact solution and the cornea, respectively; and P cornea is the optical power of the anterior curved surface of the cornea. P cornea was determined by
in which r is the anterior radius of curvature of the cornea. The contact lens image thickness in equation 1 was determined from q CLϪi ϭ n cs q CL n PMMA ϩ q CL P CL (3) in which q CL is the thickness of the contact lens; n PMMA is the refractive index of the contact lens; and P CL is the optical power of the anterior surface of the contact lens, as determined from an equation similar to equation 2. It was assumed that n cornea ϭ 1.376, n cs ϭ 1.338, and n PMMA ϭ 1.495. 21 The value of r was set at 7.5 mm for all corneas and to the actual anterior radius of each contact lens. Corneal thicknesses measured by the ConfoScan 4 were adjusted by using q c ϭ m cl q m ϩ b cl (4) in which q c is the calibrated corneal thickness; q m is the thickness measured by the ConfoScan 4; and the coefficients m cl and b cl are the slope and intercept, respectively, of the line fitted through the thickness of the contact lenses measured by the ConfoScan 4 graphed on the abscissa and the thickness measured by the micrometer and adjusted according to equation 1 graphed on the ordinate. Thicknesses measured by the Tandem Scanning confocal microscope were calibrated in a similar way, as outlined by McLaren et al. 21 
Statistical Methods
Estimates of corneal thickness were compared between the ultrasonic pachymeter, ConfoScan 4 with z-ring adapter, and Tandem Scanning confocal microscope by using generalized estimating equation models to account for any correlation between measurements of eyes from the same subjects. Probability values less than 0.05 were considered statistically significant. All statistics were calculated by using Statistical Analysis Software (SAS Institute, Inc., Cary, NC). Limits of agreement between methods were the mean difference Ϯ two standard deviations of the difference, as described by Bland and Altman. 24 Pearson correlation coefficients were calculated to examine relationships between different instruments.
RESULTS
The mean thickness of contact lenses measured by the ConfoScan 4 with the z-ring adapter was 4.0 Ϯ 3.9 m less than the mean thickness measured by the micrometer after adjusting for the differences in refractive indices of PMMA and the cornea (Fig. 2) . The thicknesses of the titanium-doped contact lenses measured in the automatic scan mode were similar to the thicknesses of clear contact lenses measured in the manual scan mode. The coefficients of equation 2 were 0.999 for m cl and 4.44 for b cl (r ϭ 0.999).
Mean central corneal thicknesses measured from the first and second scans and the first and second contacts with the ultrasonic pachymeter are shown in Table 1 . In one scan from one cornea with the ConfoScan 4 and one scan of another cornea with the Tandem Scanning confocal microscope, the thickness estimated from the second pass was at least 209 m less than that estimated from the first pass. This difference suggests an abrupt shift of the cornea relative to the objective or z-ring during the scan. These erroneous thicknesses from the second pass were excluded from analysis, and the mean thickness from each of these scans was assumed to be equal to that estimated from the first pass only. By all three methods, the mean differences between the first and second scans by confocal microscopy or the first and second contacts by ultrasonic pachymetry were 2.6 m or less, although the variance of differences was considerably greater with either confocal method than it was with ultrasonic pachymetry.
The mean differences in central corneal thickness measured between instruments are shown in Table 2 . The difference between the two confocal microscopes was 2.3 Ϯ 13 m (Pϭ0. 30). The minimum detectable difference was 6.3 m (␣ ϭ 0.05, ␤ ϭ 0.2, n ϭ 30, generalized estimating equation models). The ultrasonic pachymeter indicated at least 35 m greater mean thickness than was indicated by the two confocal microscopes (PϽ0.0001).
Central corneal thicknesses measured by the ConfoScan 4 were well correlated with thicknesses measured by the Tandem Scanning confocal microscope (r ϭ 0.93, PϽ0.0001; first scan, mean from two passes) (Fig. 3) . Limits of agreement extended from -29 m to 24 m (Fig. 3) . Central corneal thicknesses measured by the ConfoScan 4 were also well correlated with those measured by ultrasonic pachymetry (r ϭ 0.91, PϽ0.0001), but were consistently less than thicknesses measured by ultrasonic pachymetry (Fig. 4) . The mean difference was 38 Ϯ 15 m (ultrasound pachymetry -ConfoScan 4), and limits of agreement extended a Calibrated from measurements of contact lenses. Each measurement by the confocal microscopes was the mean of thickness determined from two passes. Each measurement by the ultrasonic pachymeter was from one contact of the ultrasonic probe to the cornea. The difference represents measurement 2 minus measurement 1; none of the differences was significant (PϾ0.39). The means were from 30 corneas of 15 healthy subjects. (Fig. 4) . Thicknesses determined by the Tandem Scanning confocal microscope were also well correlated with (r ϭ 0.94, PϽ0.0001) but consistently less than those determined by ultrasonic pachymetry (Fig. 5 ). The mean difference was 35 Ϯ 12 m, and limits of agreement extended from 11 to 60 m (Fig. 5) .
DISCUSSION
The ConfoScan 4 confocal microscope provides high-contrast images of the corneal epithelium, subbasal nerve fiber bundles, stroma and keratocytes, and the endothelium. This instrument has a long working distance between the objective lens and the cornea, and corneal examination is more comfortable than it is with other instruments that have closer contact. As a consequence of the large separation, the objective lens does not stabilize the cornea, and rapid motion of the cornea in the direction of the scan prevents useful measurements of distance of the focal plane from the surface of the cornea. Any small motion associated with the cardiac cycle or microsaccades are greatly magnified and degrade the ability to localize the image.
This study shows that the new z-ring adapter stabilizes and tracks the cornea well enough to allow the ConfoScan 4 to measure corneal thickness to the same precision as the Tandem Scanning confocal microscope. Thicknesses of the contact lenses determined by the ConfoScan 4 were slightly lower than thicknesses measured by a micrometer and corrected for refractive indices of PMMA and the cornea (equation 1). However, the mean difference of 4.0 m is small, when compared to differences between estimates of thickness by the confocal microscope and the ultrasonic pachymeter.
The commercial ultrasonic pachymeter indicated corneal thicknesses that were approximately 35 m greater than were indicated by either confocal microscope. This difference is consistent with earlier measurements of corneal thickness with the authors' Tandem Scanning confocal microscope after careful calibration of the distance between the objective and focal plane. 21 The reason for this is unknown, and other ultrasonic pachymeters indicate thicker corneas, although it is likely related to the manufacturer's calibration of the ultrasonic pachymeter. Reader and Salz 22 noted large variations in the same corneas when ultrasonic pachymeters from different manufacturers were used to estimate central corneal thickness. They were not able to explain these differences by differences in the acoustic velocity assumed by each manufacturer. Other settings of these commercial devices likely contribute to this variation, but because the process used to determine thickness from the sonic echo is proprietary, it is not known why there is a difference between these commercial pachymeters and confocal microscopy.
The precision of the ConfoScan 4 with the z-ring adapter, as indicated by the variance of differences of consecutive measurements, was similar to the precision of the Tandem Scanning confocal microscope, whereas the precision of both instruments was considerably lower than that of the ultrasonic pachymeter. The standard deviation of differences between consecutive measurements by the confocal microscopes was almost four times greater than that of consecutive measurements by the ultrasonic pachymeter. The greater variation by confocal microscopy is likely the result of motion of the cornea in the axial (scan) direction while the focal plane is between the endothelial and epithelial surface, despite measures to reduce that motion. This motion remains the limiting factor in precision of corneal thickness measurement by currently available confocal microscopes. In one scan by each instrument, the differences in thickness between consecutive passes were 209 m or greater, and in both cases, the cornea shifted during the second pass of the second scan. This may reflect fatigue in patients after tolerating a long contact with the objective lens or z-ring.
The differences in thickness estimates from one measurement to the next should be random if motion of the cornea is random, and the mean of several estimates should converge on the true thickness. Axial motion of the cornea can be assessed by comparing corneal thickness from two consecutive scans; differences would indicate that the cornea shifted during at least one scan, although other than extreme differences, one cannot tell which scan was in error. Ivarsen et al. 19 and McLaren et al. 21 suggested repeating measurements if thicknesses estimated on two consecutive scans differ by more than a preselected threshold.
Confocal microscopes that are currently available require several seconds to scan the focal plane through the cornea, a long time relative to the duration of eye movements that could degrade the measurement. Motion errors could be reduced by increasing the scan speed so that the time between images of the epithelium and endothelium is reduced to less than most eye movements. This would require recording video images at a considerably higher rate than is practical with the conventional design of these instruments. Alternatively, the focal plane could be scanned at a high rate while recording only the intensity of the image and determining thickness from the peak brightness signals associated with the epithelial and endothelial surfaces. This improvement was suggested by Li et al., 14 but it has not been implemented to the authors' knowledge.
In summary, the addition of the z-ring adapter to the ConfoScan 4 provides a method of measuring corneal thickness and depth of visible objects in the cornea that is as accurate and as precise as similar methods with the Tandem Scanning confocal microscope. In a population of healthy subjects, thickness determined by a common commercial ultrasonic pachymeter is approximately 35 m greater than that determined by both confocal microscopes. These differences must be considered when comparing results from studies that use different methods of corneal thickness measurement.
